The expression of IgG4 in malignant B-cell lymphomas has only partially been studied. Recent reports described single cases of marginal zone lymphomas arising in the ocular adnexae that express IgG4. Moreover, a subset of dura-associated marginal zone lymphomas appear to express IgG4 as well. We investigated IgG4 expression in a more systematic manner in a large cohort of marginal zone lymphoma specimens derived from the archive of our institute. Overall, we examined 169 marginal zone lymphomas of various primary sites that displayed a distinct plasmacytic differentiation and light chain restriction, allowing for a detailed investigation of the immunoglobulin heavy chain expression in these tumors by immunohistochemistry. Unexpectedly, primary cutaneous marginal zone lymphomas showed frequent IgG4 expression. Although only 1 out of 120 noncutaneous marginal zone lymphomas, located in the ocular adnexae, expressed IgG4, 19 of 49 (39%) primary cutaneous marginal zone lymphomas showed this feature, constituting the highest expression rate of IgG4 reported to date in any B-cell lymphoma. None of the IgG4-positive cutaneous marginal zone lymphomas with available clinical data showed evidence of a preexisting systemic IgG4-related disease, suggesting a localized immunologic IgG4-driven pathogenetic process at early stages of the disease. IgG4-positive and IgG4-negative primary cutaneous marginal zone lymphomas did not significantly differ in architectural features of the infiltrate or the composition of the reactive T-cell infiltrate as determined by analysis of T-cell content, CD4/CD8 ratio, and content of FOXP3-and PD1-positive T cells. Although the pathogenetic role of IgG4 expression in a significant subset of primary cutaneous marginal zone lymphomas with plasmacytic differentiation remains unclear at present, the demonstration of IgG4 expression in a marginal zone lymphoma involving the skin might be a helpful clue in the routine diagnostic setting, as these tumors will almost invariably be of primary cutaneous origin with an extremely low risk of spread to noncutaneous sites and an excellent prognosis.
Primary cutaneous B-cell lymphomas encompass primary cutaneous marginal zone lymphomas, primary cutaneous follicle center lymphomas, and primary cutaneous diffuse large B-cell lymphomas, with primary cutaneous marginal zone lymphomas being the second most common entity of this group comprising B35-40% of all primary cutaneous B-cell lymphomas. According to the current WHO classification, primary cutaneous marginal zone lymphomas are considered extranodal marginal zone lymphomas of the mucosa-associated lymphoid tissue. 1 They predominantly manifest in adults aged over 40 years, but occasional pediatric cases have been reported as well. Men are affected more frequently than women (1.5-2:1). 2 Although the etiology and pathogenesis of primary cutaneous marginal zone lymphomas are not well understood, an association with chronic infections, chronic antigen stimulation, and autoimmune diseases has been postulated. Specifically, chronic infection with Borrelia burgdorferi has been associated with primary cutaneous marginal zone lymphomas in Europe, but not in the United States or Asia, [1] [2] [3] thus establishing a potential link between an infectious agent and lymphoma development. Occasional cases of primary cutaneous marginal zone lymphomas have also been reported in the context of other chronic inflammatory stimuli, such as vaccinations, tattoos, or radiation therapy. 2, 4, 5 Morphologically, primary cutaneous marginal zone lymphomas are characterized by a diffuse or nodular lymphoid infiltrate in the dermis exhibiting a subepidermal grenz zone and often extending into the subcutaneous tissue. The infiltrate often consists of reactive lymph follicles that are surrounded by a conspicuously enlarged marginal zone that contains variable amounts of small to medium-sized B cells, sometimes with abundant pale cytoplasm. Frequently, primary cutaneous marginal zone lymphomas show a lymphoplasmacytoid and plasmacytic differentiation that is particularly evident at the periphery of the infiltrate, for example, in subepidermal and periadnexal areas. 1 In primary cutaneous marginal zone lymphomas with plasmacytic differentiation, monoclonal immunoglobulin light chain expression (k and l) as well as immunoglobulin heavy chain expression (IgA, IgE, IgG, and IgM) can be typically visualized by immunohistochemistry. Interestingly, primary cutaneous marginal zone lymphomas preferentially express IgG, IgA, or IgE, in contrast to noncutaneous marginal zone lymphomas that predominantly express IgM, [6] [7] [8] [9] suggesting specific pathogenetic features for primary cutaneous marginal zone lymphomas. This concept is supported on the genetic basis, as translocations involving API2 and BCL10 that have been described to play a role in the pathogenesis of marginal zone lymphomas in general are virtually absent in primary cutaneous marginal zone lymphomas, whereas the translocation t(14;18) involving MALT1 appears to be quite common. 3, [10] [11] [12] [13] [14] [15] Clinically, primary cutaneous marginal zone lymphomas present with solitary or multifocal red nodules or plaques that develop preferentially on the trunk and upper extremities. Relapses that can arise at the same or a different anatomic site occur in B50% of cases. Irrespective of the occurrence of relapses, primary cutaneous marginal zone lymphomas have an indolent clinical course with a 5-year survival rate of 495%. Extracutaneous manifestation of primary cutaneous marginal zone lymphomas is infrequently encountered (o10% of cases). This scenario raises the question of a secondary skin involvement by an originally noncutaneous marginal zone lymphoma. 2, 6 Given some recent reports that particular subsets of marginal zone lymphomas, specifically epidural and ocular marginal zone lymphomas, [16] [17] [18] [19] show increased frequencies of IgG4 expression and based on the known fact that primary cutaneous marginal zone lymphomas predominantly express IgG in contrast to other marginal zone lymphomas, we were interested to study the prevalence of IgG4 expression in primary cutaneous marginal zone lymphomas in comparison with various noncutaneous marginal zone lymphomas. The concept of IgG4-related diseases has attracted major attention in recent years comprising an ever increasing amount of manifestations of various organs (autoimmune pancreatitis type 1, Mikulicz's disease, Kuttner's tumor, and retroperitoneal fibrosis). 20 However, a clear link between IgG4-related diseases and the development of malignant lymphomas, specifically marginal zone lymphomas, has not been established so far.
To gain more insights into the relation between IgG4-related diseases and marginal zone lymphomas, we examined 169 marginal zone lymphomas with plasmacytic differentiation of various localizations for IgG4 expression, with special emphasis on primary cutaneous marginal zone lymphomas. Unexpectedly, although noncutaneous marginal zone lymphomas appeared to be almost negative, we observed IgG4 expression in 39% of primary cutaneous marginal zone lymphomas, the highest rate of IgG4-positive cases in a particular subgroup of marginal zone lymphomas.
Materials and methods

Case Selection
We analyzed paraffin-embedded tumor specimens from 169 marginal zone lymphomas from the files of the Institute of Pathology, University of Wü rzburg, that were selected based on the presence of a distinct plasmacytic differentiation and light chain restriction as well as the availability of sufficient and well-preserved material. Primary sites included skin (49), stomach (21) , salivary gland (20) , lymph node (20) , intestine (12) , eye (12) , lung (12) , soft tissue (11), breast (3), oropharynx/larynx (3), tonsil (3), thymus (2) , and thyroid gland (1) . All cases were reviewed with sections stained with hematoxylin and eosin, Giemsa, and periodic acid Schiff, and an appropriate panel of immunohistochemical stains to establish a diagnosis according to the WHO classification. 1 All cases were reviewed independently by two expert hematopathologists (AR and EG) and cases without consensus were excluded from the study. Approval for the entire study was obtained from the ethics committee, Medical Faculty, University of Wuerzburg, Germany.
Immunohistochemistry
Using conventional immunohistochemical single stains according to established protocols (Advance HRP Detection kit, K4068 from Dako), we investigated the expression of the immunoglobulin light chains k and l as well as the immunoglobulin heavy chains IgA, IgE, IgG, IgG4, and IgM in the marginal zone lymphoma specimens. The ratio of B and T cells in the infiltrates was estimated by CD20 and CD5
IgG4 þ primary cutaneous marginal zone lymphomas I Brenner et al staining and germinal center formation was highlighted by CD10 and BCL6 staining. In addition, T cells were further characterized for expression of CD4, CD8, FoxP3, and PD1. The sources of primary antibodies and their dilutions are listed in Table 1 .
Evaluation Criteria
In a first step, immunoglobulin heavy chain expression (IgA, IgE, IgG, IgG4, and IgM) was determined in the light chain-restricted tumor cell population. In general, the determination of the heavy chain expression was self-evident, as 475% of plasmacytic cells expressed one particular heavy chain, with only few intermingled cells showing expression for each of the remaining heavy chains. Cases without clearcut light or heavy chain expression were excluded from the study. In IgG-positive marginal zone lymphomas, the absolute numbers of IgG-and IgG4-positive cells were scored in five high-power fields and the ratio of IgG4/IgG was calculated. The required ratio to consider a case positive for IgG4 was an IgG4/IgG ratio 470%.
In addition, primary cutaneous marginal zone lymphomas were categorized according to the absence or presence of residual lymph follicles with or without germinal center formation (CD10, BCL6). The accompanying T-cell infiltrate in primary cutaneous marginal zone lymphomas was highlighted by CD5 staining and the content of T cells among the whole lymphoid infiltrate was estimated in relation to CD20 positive B cells and categorized as low (o20%), intermediate (20-50%), or high (450%). Moreover, the ratio of CD4/CD8 positive T-cells (categories 43:1 and o3:1) and the percentage of FoxP3-and PD1-positive T cells among all T cells (categories o1%, 1-5%, 5-10%, and 410%) was analyzed.
Statistical Analysis
Statistical analyses were performed using the w 2 test. The P-values of o0.05 were considered statistically significant.
Results
Clinical Characteristics of 169 Marginal Zone Lymphomas
The median age of the 169 marginal zone lymphoma patients involved in the study was 62 years (range 8-97 years). Patients with noncutaneous marginal zone lymphomas (mean 66 years) were older than patients with primary cutaneous marginal zone lymphomas (mean 51 years, P-value ¼ 0.005). There were more female than male patients among noncutaneous marginal zone lymphomas (69/120, 58% vs 51/120, 42%), whereas there was a male predominance among primary cutaneous marginal zone lymphomas (30/49, 61% vs 19/49, 39%).
Immunoglobulin Heavy Chain and Light Chain Expression
The results of the immunoglobulin light and heavy chain expression of all 169 marginal zone lymphomas are detailed in Table 2 .
Regarding the immunoglobulin light chain expression, there were no significant differences between non-cutaneous marginal zone lymphomas and primary cutaneous marginal zone lymphomas, both showing k-light chain restriction in more than two thirds of cases. Specifically, 75% of noncutaneous marginal zone lymphomas showed positivity for k (90/120) and 23% for l (28/120). Two cases revealed a bispecific expression pattern proven by immunofluorescence double staining (data not shown). Of 49 primary cutaneous marginal zone lymphomas, 71% were monoclonal for k (35/49) and 29% for l (14/35). More specifically, out of 35 k-positive cases, 22 showed a k/l ratio of more than 10:1 and 13 cases of more than 20:1. Among l-positive cases, 5/14 showed a l/k ratio of more than 10:1, 8/14 of more than 20:1, and only one case of more than 5:1. By molecular clonality analysis, 12/19 investigated IgG4 þ primary cutaneous marginal zone lymphomas showed clonal and 7/19 oligo-/polyclonal IgH rearrangements (data not shown).
A marked difference in the distribution of the immunoglobulin heavy chain expression was observed between noncutaneous marginal zone lymphomas and primary cutaneous marginal zone lymphomas. Of the 120 noncutaneous marginal zone lymphomas, 13% were positive for IgA (15/120), 9% positive for IgG (12/120), and 78% positive for IgM (94/120), with no case showing IgE expression. In contrast, among 49 primary cutaneous marginal zone lymphomas, 72% stained positive for IgG (35/49), whereas only 12% expressed IgM (6/49) and 16% IgA (8/49). Again, no IgE-positive case was detected. These differences were highly statistically significant (Po0.001).
The major finding of our study was the frequent expression of IgG4 among primary cutaneous (Table 3) .
Morphological and Phenotypical Characteristics of Primary Cutaneous Marginal Zone Lymphomas
A typical example of a primary cutaneous marginal zone lymphoma with plasmacytic differentiation selected for our study is shown in Figure 1 . A clearcut light chain restriction as a prerequisite for inclusion in the current series and a prototype of an IgG4-expressing primary cutaneous marginal zone lymphoma is illustrated in Figure 2 . Given the high frequency of IgG4-positive primary cutaneous marginal zone lymphomas, we wanted to investigate whether this subgroup shows differences in architectural features or in the composition of the reactive T-cell infiltrate in comparison with nonIgG4 primary cutaneous marginal zone lymphomas including primary cutaneous marginal zone lymphomas expressing IgA, IgM, and IgG1-3 (defined by positivity for IgG and negativity for IgG4).
With regard to the presence or absence of lymph follicles in the infiltrate, 71% of the 49 primary cutaneous marginal zone lymphomas showed lymph follicles with germinal center formation, 14% had B-cell follicles without germinal centers, and 15% had no follicle formation at all. No differences were observed between IgG4-positive and non-IgG4 primary cutaneous marginal zone lymphomas. Similarly, these subgroups did not differ in terms of numbers and localization of plasmacytic tumor cells.
We next investigated whether the T-cell content showed any variation between primary cutaneous marginal zone lymphoma subgroups expressing different heavy chains. It is noteworthy that IgM-positive primary cutaneous marginal zone lymphomas were characterized by a low number of infiltrating T cells (Po0.05), whereas no significant differences could be discerned between the remaining subgroups that in the majority of cases harbored 450% T cells among all lymphoid cells (Figure 3) . Moreover, all IgM-positive primary cutaneous marginal zone lymphomas displayed an increased CD4/CD8 ratio (43:1) compared with the three other subgroups (Po0.05; Figure 4) . Regulatory T cells stained by immunohistochemistry for FOXP3 were generally scarce in primary cutaneous marginal zone lymphomas (o10% of all CD5-positive T cells) and diffusely distributed across the infiltrate. Again, IgM-positive primary cutaneous marginal zone lymphomas differed from the other subgroups by exhibiting a very low number of regulatory T cells (o1%) in 50% of cases (Po0.05; Figure 5 ). The presence of PD1-positive follicular helper T cells that were only counted in the neoplastic infiltrate (outside the reactive follicles) showed no statistical differences between the four primary cutaneous marginal zone lymphoma subgroups (data not shown).
Detailed Clinical Characteristics of Primary Cutaneous Marginal Zone Lymphomas
From a clinical point of view, we finally wondered whether IgG4-positive primary cutaneous marginal zone lymphomas might display particular features separating them from the other primary cutaneous marginal zone lymphoma heavy chain subgroups. A detailed overview of clinical characteristics of the IgG4-positive primary cutaneous marginal zone lymphomas is provided in Table 3 . Overall, the median age of the primary cutaneous marginal zone lymphoma patients was 51 years, and more men than women were affected. IgM-positive primary cutaneous marginal zone lymphoma patients tended to be slightly older, although this difference was not statistically significant (IgA: mean 49 years, IgG1-3: mean 48 years, IgG4: mean 52 years, IgM: mean 63 years). Although there was a male preponderance in primary cutaneous marginal zone lymphoma patients expressing IgA (3:1), IgG4 (2.2:1), and IgM (2:1), females were slightly, but not significantly, more affected among IgG1-3-positive primary cutaneous marginal zone lymphomas (1.3:1). Primary cutaneous marginal zone lymphomas in our series manifested in the back (n ¼ 15), upper extremities (n ¼ 10), shoulder (n ¼ 9), abdomen (n ¼ 3), head (n ¼ 3), neck (n ¼ 2), lower extremities (n ¼ 2), and genital tract (n ¼ 1). In four cases, the primary manifestation could not be determined. In all, 40/49 primary cutaneous marginal zone lymphomas appeared as a solitary manifestation and 9/49 as multiple manifestations. With regard to localization and solitary vs multiple lesions, no statistical differences could be observed between the four primary cutaneous marginal zone lymphoma subgroups. Additional clinical information was available from 32 of 49 primary cutaneous marginal zone lymphomas patients. As for the rate of relapses (available from 32 patients), staging results (available from 30 patients), and serology of Borrelia burgdorferi (available from 9 patients), no differences were seen among the primary cutaneous marginal zone lymphoma heavy chain subgroups. Only one primary cutaneous marginal zone lymphoma (IgG1-3) showed a secondary lymph node involvement, whereas in 30/32 primary cutaneous marginal zone lymphoma patients, extracutaneous manifestations/ secondary skin involvement of a primary, noncutaneous marginal zone lymphomas could be ruled out by staging procedures. Finally, there was no evidence of an associated IgG4-related disease in any of the patients. 
Discussion
Primary cutaneous marginal zone lymphomas differ from noncutaneous marginal zone lymphomas in various aspects with respect to biological behavior, genetic features, and immunophenotypic presentation. Whereas primary cutaneous marginal zone lymphomas exhibit a preferential expression of IgA and IgG, noncutaneous marginal zone lymphomas display a predominant IgM expression. 7, 9 Recent studies suggest two major biological subsets within primary cutaneous marginal zone lymphomas, namely one subset that expresses class-switched immunoglobulins (IgA, IgG, and IgE), whereas the other, rarer subtype expresses nonclass-switched immunoglobulins (IgM). 7, 9 This subdivision appears to correlate with profound differences in the composition of the microenvironment and cytokine/chemokine profiles. Specifically, the IgM-positive group develops in a preferential Th1 cytokine background and shows increased levels of CXCR3 expression, analogous to the scenario in most of the noncutaneous marginal zone lymphomas. In contrast, the class-switched group is characterized by a dominant Th2 cytokine profile. Our study shows only a low number of infiltrating T cells in IgM-positive primary cutaneous marginal zone lymphomas, in contrast to the other primary cutaneous marginal zone lymphomas in which the tumor cell population is accompanied by an abundant T-cell infiltrate. This finding is in line with a recent report by Edinger et al 7 who also detected fewer infiltrating T cells in IgM-positive primary cutaneous marginal zone lymphomas. Moreover, our investigation revealed a CD4/CD8 ratio in IgM-positive primary cutaneous marginal zone lymphomas that was skewed toward an increased number of CD4-positive T cells. The percentage of regulatory T cells among all T cells present in a given infiltrate was also decreased in IgM-positive primary cutaneous marginal zone lymphomas in our study. Taken together, these results support the notion that class-switched and nonclass-switched primary cutaneous marginal zone lymphomas have distinct biological features. It has been postulated that IgM-positive primary cutaneous marginal zone lymphomas may be more frequently associated with a Borrelia burgdorferi infection. 9 In our series, however, the two primary cutaneous marginal zone lymphoma patients (out of nine patients with available information) with positive serology for Borrelia burgdorferi did not express IgM in the tumor cells.
The major and unexpected finding of our study is the high frequency of IgG4 expression in primary cutaneous marginal zone lymphomas. Although IgG4 expression has been described in a single case of a nodal marginal zone lymphoma, 21 few cases of ocular adnexae marginal zone lymphomas, [17] [18] [19] 22 as well as in a subset of marginal zone lymphomas of the dura, 16 the rate of 39% IgG4-positive cases among our primary cutaneous marginal zone lymphomas is striking. Only two IgG4-rearranged primary cutaneous marginal zone lymphomas, identified by RT-PCR, were previously reported. 9 As morphologic and environmental features did not differ between IgG4-positive primary cutaneous marginal zone lymphomas and the remaining class-switched cases in our series, the pathogenetic consequences of IgG4 expression remain unclear at present. Although few ocular marginal zone lymphomas may show an association with an underlying IgG4-related disease, 17, 23 there is little evidence that this is the case for dural marginal zone lymphomas in the published series. 16 Similarly, it is very unlikely that IgG4-related disease is associated with the respective subgroup of primary cutaneous marginal zone lymphomas in our cohort. Although formally serum levels of IgG4 had not been measured and staging data were incomplete in some patients, the available clinical information showed no evidence of IgG4-related disease in any of the patients (mean follow-up: 3 years). Moreover, 9/19 patients with an IgG4-positive primary cutaneous marginal zone lymphomas were o50 years old, an age group that is unlikely to have IgG4-related disease.
Recently, IgG4-related skin manifestations have been reported. [24] [25] [26] [27] [28] [29] In the largest and bestcharacterized published series of 10 patients with IgG4-related skin disease, 24 8/10 patients were 450 years old, in 8/10 patients extracutaneous manifestations of IgG4-related disease could be proven (lymph node, lacrimal and/or salivary gland, and kidney), and all 10 patients showed an elevated serum IgG4 level. Regarding the localization of IgG4-related skin disease that generally present on the head and neck, particularly cheek, periauricular, and mandible regions, our cases of IgG4 þ primary cutaneous marginal zone lymphomas in contrast showed preferential manifestations on the back, shoulders, and upper extremities. In addition, typical histopathological characteristics of IgG4-related disease, such as fibrosclerosis, obliterative phlebitis, or an increased Although IgG4-related disease is a polyclonal disease, IgG4 þ primary cutaneous marginal zone lymphomas are clonal proliferations with light chain restriction. Clonality and/or light chain restriction have not been detected so far in four recent publications [24] [25] [26] 30 dealing with IgG4-related skin disease.
Physiologically, an IgG4 immune response is triggered by a long-lasting or repeated stimulation by antigen involving a modified Th2 response in which regulatory T cells play a dominant role. Specifically, regulatory T cell-associated cytokines IL-10 and IL-21 are supposed to drive the class switch in B cells to IgG4 and their differentiation into IgG4-secreting plasma cells. 31, 32 In this context, it was intriguing to study the abundance of regulatory T cells in IgG4-positive primary cutaneous marginal zone lymphomas in comparison with nonIgG4 primary cutaneous marginal zone lymphomas. The finding that the content of FOXP3-positive regulatory T cells did not differ among IgA-, IgG1-3-, and IgG4-positive primary cutaneous marginal zone lymphomas, whereas it was significantly lower in IgM-positive primary cutaneous marginal zone lymphomas in our series, has several implications. It may be postulated that the skin (and potentially the dura) may be more susceptible to developing initial, polyclonal IgG4 immune responses compared with other organs. These may eventually transform into monoclonal, IgG4-positive primary cutaneous marginal zone lymphomas during the course of the disease. Hence, it might be highly relevant to investigate IgG4-associated immune responses of the skin in more detail, as this could provide important clues for the initiating steps of lymphoma development. This, however, will not be trivial, as none of our specimens contained an increased number of residual polyclonal IgG4-positive plasma cells and elevated numbers of regulatory T cells as a prerequisite for an underlying IgG4 immune response. The fact that the amount of FOXP3-positive regulatory T cells is not increased in fully developed IgG4-positive primary cutaneous marginal zone lymphomas suggests that they are dispensable for maintaining the growth of the lymphoma. In contrast, there is good evidence that a high number of FOXP3-positive regulatory T cells in hematological malignancies suppresses tumor growth by various mechanisms, thus showing an inverse correlation with outcome. 33, 34 The decreased number of regulatory T cells in IgM-positive primary cutaneous marginal zone lymphomas compared with the other primary cutaneous marginal zone lymphomas in our series might therefore contribute to the inferior clinical outcome of IgM-positive primary cutaneous marginal zone lymphomas that has been suggested in the report by Edinger et al. 7 Although the number of IgM-positive primary cutaneous marginal zone lymphomas was low in our cohort, all four patients with available clinical data in this group showed a higher tendency toward relapses (data not shown).
In conclusion, we herein show that primary cutaneous marginal zone lymphomas with plasmacytic differentiation have frequent IgG4 expression (39% of 49 analyzed cases), suggesting a novel important pathogenetic feature that separates primary cutaneous marginal zone lymphomas from noncutaneous marginal zone lymphomas. Moreover, from a diagnostic point of view, the expression of IgG4 in a marginal zone lymphoma infiltrating the skin may be viewed as strong evidence of the presence of a genuine, primary cutaneous marginal zone lymphoma. Even though the number of IgG4-positive primary cutaneous marginal zone lymphomas with available clinical data are limited in our series, the fact that none of these patients had signs of extracutaneous spread in staging procedures suggests an excellent prognosis. If proven in a larger clinical cohort, IgG4 expression may represent a novel discriminating diagnostic aid that could save IgG4-positive primary cutaneous marginal zone lymphoma patients from aggressive therapeutic approaches as well as from cumbersome and costly staging procedures in the future.
Disclosure/conflict of interest
The authors declare no conflict of interest.
